Minor class or U12-type splicing is a highly conserved process required to remove a minute fraction of introns from human premRNAs. Defects in this splicing pathway have recently been linked to human disease, including a severe developmental disorder encompassing brain and skeletal abnormalities known as Taybi-Linder syndrome or microcephalic osteodysplastic primordial dwarfism 1, and a hereditary intestinal polyposis condition, Peutz-Jeghers syndrome. Although a key mechanism for regulating gene expression, the impact of impaired U12-type splicing on the transcriptome is unknown. Here, we describe a unique zebrafish mutant, caliban (clbn), with arrested development of the digestive organs caused by an ethylnitrosourea-induced recessive lethal point mutation in the rnpc3 [RNA-binding region (RNP1, RRM) containing 3] gene. rnpc3 encodes the zebrafish ortholog of human RNPC3, also known as the U11/U12 di-snRNP 65-kDa protein, a unique component of the U12-type spliceosome. The biochemical impact of the mutation in clbn is the formation of aberrant U11-and U12-containing small nuclear ribonucleoproteins that impair the efficiency of U12-type splicing. Using RNA sequencing and microarrays, we show that multiple genes involved in various steps of mRNA processing, including transcription, splicing, and nuclear export are disrupted in clbn, either through intron retention or differential gene expression. Thus, clbn provides a useful and specific model of aberrant U12-type splicing in vivo. Analysis of its transcriptome reveals efficient mRNA processing as a critical process for the growth and proliferation of cells during vertebrate development. S plicing, the excision of introns from pre-mRNA, is an essential step in gene expression and a major source of complexity in the transcriptome (1). The process is catalyzed by highly dynamic complexes of small nuclear ribonucleoproteins (snRNPs) called spliceosomes (2). Not widely appreciated is the coexistence of two types of introns in most eukaryotic genomes. The vast majority, the major class or U2-type introns, are marked by GT and AG at their 5′ and 3′ ends, respectively. Minor class or U12-type introns, of which there are ∼700 in the human genome, were initially recognized by the presence of AT and AC in these positions, prompting their original name of AT-AC introns (3). However, we now know that most of these introns contain the same GT-AG termini found in U2-type introns (4, 5) and are instead distinguished from them by two highly conserved motifs: one adjacent to the 5′ splice site (ss) and one corresponding to the branch point sequence (BPS), close to the 3′ ss (6, 7). These introns also lack the 3′ polypyrimidine tract characteristic of U2-type introns. Minor class introns are excised by U12-type spliceosomes, which are analogous in function and similar in composition to U2-type spliceosomes; each comprise five small nuclear RNAs (snRNAs) and hundreds of associated proteins (6). Although the U5 snRNA is shared between the two complexes, the U12-type spliceosome contains four unique snRNAs (U11, U12, U4atac, and U6atac) (7-9) and at least seven unique proteins (10). Since its discovery two decades ago, the existence of this highly conserved, second splicing pathway has been an intriguing aspect of gene expression. Interestingly, U12-type introns are nonrandomly distributed across the genome (11) and their removal is thought to be rate-limiting in the generation of mature mRNAs (12) (13) (14) .
Minor class or U12-type splicing is a highly conserved process required to remove a minute fraction of introns from human premRNAs. Defects in this splicing pathway have recently been linked to human disease, including a severe developmental disorder encompassing brain and skeletal abnormalities known as Taybi-Linder syndrome or microcephalic osteodysplastic primordial dwarfism 1, and a hereditary intestinal polyposis condition, Peutz-Jeghers syndrome. Although a key mechanism for regulating gene expression, the impact of impaired U12-type splicing on the transcriptome is unknown. Here, we describe a unique zebrafish mutant, caliban (clbn), with arrested development of the digestive organs caused by an ethylnitrosourea-induced recessive lethal point mutation in the rnpc3 [RNA-binding region (RNP1, RRM) containing 3] gene. rnpc3 encodes the zebrafish ortholog of human RNPC3, also known as the U11/U12 di-snRNP 65-kDa protein, a unique component of the U12-type spliceosome. The biochemical impact of the mutation in clbn is the formation of aberrant U11-and U12-containing small nuclear ribonucleoproteins that impair the efficiency of U12-type splicing. Using RNA sequencing and microarrays, we show that multiple genes involved in various steps of mRNA processing, including transcription, splicing, and nuclear export are disrupted in clbn, either through intron retention or differential gene expression. Thus, clbn provides a useful and specific model of aberrant U12-type splicing in vivo. Analysis of its transcriptome reveals efficient mRNA processing as a critical process for the growth and proliferation of cells during vertebrate development. S plicing, the excision of introns from pre-mRNA, is an essential step in gene expression and a major source of complexity in the transcriptome (1) . The process is catalyzed by highly dynamic complexes of small nuclear ribonucleoproteins (snRNPs) called spliceosomes (2) . Not widely appreciated is the coexistence of two types of introns in most eukaryotic genomes. The vast majority, the major class or U2-type introns, are marked by GT and AG at their 5′ and 3′ ends, respectively. Minor class or U12-type introns, of which there are ∼700 in the human genome, were initially recognized by the presence of AT and AC in these positions, prompting their original name of AT-AC introns (3) . However, we now know that most of these introns contain the same GT-AG termini found in U2-type introns (4, 5) and are instead distinguished from them by two highly conserved motifs: one adjacent to the 5′ splice site (ss) and one corresponding to the branch point sequence (BPS), close to the 3′ ss (6, 7) . These introns also lack the 3′ polypyrimidine tract characteristic of U2-type introns. Minor class introns are excised by U12-type spliceosomes, which are analogous in function and similar in composition to U2-type spliceosomes; each comprise five small nuclear RNAs (snRNAs) and hundreds of associated proteins (6) . Although the U5 snRNA is shared between the two complexes, the U12-type spliceosome contains four unique snRNAs (U11, U12, U4atac, and U6atac) (7) (8) (9) and at least seven unique proteins (10) . Since its discovery two decades ago, the existence of this highly conserved, second splicing pathway has been an intriguing aspect of gene expression. Interestingly, U12-type introns are nonrandomly distributed across the genome (11) and their removal is thought to be rate-limiting in the generation of mature mRNAs (12) (13) (14) .
Aberrant splicing is the basis of many human diseases and up to one-third of disease-causing mutations may lead to splicing defects (15) . Although the majority of these defects occur in U2-type introns and splicing factors, perturbations in U12-type splicing have also been described. Most recently, mutations in the U12-type U4atac snRNA were found to underlie the human developmental disorder Taybi-Linder syndrome (TALS)/microcephalic
Significance
The accurate removal of introns by pre-mRNA splicing is a critical step in proper gene expression. Most eukaryotic genomes, from plant to human, contain a tiny subset of "minor class" introns with unique sequence elements that require their own splicing machinery. The significance of this second splicing pathway has intrigued RNA biologists for two decades, but its biological relevance was recently underscored when defects in the process were firmly linked to human disease. Here, we use a novel zebrafish mutant with defective minor class splicing to investigate how this pathway shapes the transcriptome during vertebrate development. We link its pleiotropic phenotype to widespread changes in gene expression that disrupt essential cellular pathways, including mRNA processing.
osteodysplastic primordial dwarfism 1 (MOPD1) (16, 17) . Other examples of diseases that can arise because of impaired splicing of U12-type introns include spinal muscular atrophy (18, 19) and Peutz-Jeghers syndrome (PJS), an intestinal polyposis syndrome that predisposes to cancer because of mutations in the tumor suppressor gene (TSG) LKB1 (liver kinase B1) (20) . The observation that impaired U12-type splicing can affect TSG expression has interesting implications for other TSGs containing U12-type introns, such as PTEN (phosphatase and tensin homolog deleted on chromosome 10), where even a modest loss in PTEN function predisposes mice to cancer (21) .
To specifically study the role of U12-type introns in gene expression and development, we exploited a zebrafish mutant, caliban (clbn), which carries a point mutation in rnpc3 [RNA-binding region (RNP1, RRM) containing 3], encoding the zebrafish ortholog of human RNPC3, one of seven proteins unique to the U12-type spliceosome (22) . We found aberrant minor class spliceosomal snRNPs in clbn extracts and used microarray and RNA sequencing (RNAseq) to show that impairment of U12-type splicing impacts broadly on gene expression, disrupting multiple genes involved in mRNA processing, transcription, splicing, and nuclear export. As a result, clbn mutants develop a pleiotropic phenotype with early lethality.
Results
The Intestine, Liver, and Pancreas Are Abnormal in clbn. clbn s846 was identified in a transgene-assisted ethylnitrosourea mutagenesis screen for zebrafish mutants with defective endodermal organ development (23) . Abnormalities in the gross morphology of clbn larvae are first detectable at 108 h postfertilization (hpf) and mutants die between 7 and 10 d postfertilization (dpf). The head, eye, and lens are smaller, the swim bladder fails to inflate, and yolk absorption is delayed. At 120 hpf, the WT intestinal epithelium exhibits a columnar morphology and starts to elaborate folds; in contrast, the intestinal epithelium in clbn remains thin and unfolded ( Fig. 1 A-C) . At 120 hpf, imaging of the digestive organs on the Tg(gutGFP) s854 (23) and Tg(fabp10:dsRed, ela3l: GFP)
gz12 (24) backgrounds shows that the pancreas and liver are markedly smaller in clbn than in WT ( Fig. 1 D and E) . The clbn s846 locus was mapped to a region on chromosome 24 containing four genes, col11A1, rnpc3, prmt6, and ntng1 (Fig. S1A) . RT-PCR amplification of rnpc3 from clbn s846 RNA generated aberrant rnpc3 isoforms ( Fig.  2A ), which were found by sequencing to correspond to the use of a de novo 3′ ss or retention of one or both of introns 13 and 14 ( Fig. 2B) . Sequencing of WT and clbn s846 genomic DNA revealed a T→A variation, creating a novel 3′ ss (AG) 10 nucleotides upstream of the canonical 3′ ss of intron 13 (Fig. 2C) . The shift to the novel 3′ ss in clbn s846 is complete, as sequencing of the individual aberrant transcripts gave no evidence of a correctly spliced exon 13-14 junction in any of the products. All of the aberrant transcripts in clbn s846 contain premature stop codons after no more than six missense codons, making them likely targets for nonsense mediated decay (Fig. S1B ). We confirmed these findings using an in vivo minigene assay in which a WT or mutated minigene was injected into clutches containing WT and clbn s846 embryos. The T→A transition in the mutated (clbn) minigene led to a complete shift to the novel splice junction in both WT and clbn s846 embryos, as shown by a slightly shifted band in the agarose gel (Fig. S1C , lanes 1 and 3) and confirmed by sequencing.
We provided firm evidence that rnpc3 is the mutated gene in clbn using rescue assays and a complementation test. Injection of one-cell stage clbn embryos with in vitro synthesized RNA encoding WT zebrafish Rnpc3 rescued the clbn phenotype (Fig.  2 D-G) . To perform a complementation test, we purchased a commercially available zebrafish line harboring a retroviral insertion in intron 1 of rnpc3 (clbn ZM ) (Fig. 2C ). We found that maternal deposits of correctly spliced, full-length rnpc3 mRNA in clbn ZM mutant embryos are largely depleted by 24 hpf (Fig.  S1D) . clbn s846 and clbn ZM mutant larvae are morphologically indistinguishable at 120 hpf (Fig. S1 F and G). Upon crossing clbn s846 and clbn ZM heterozygotes, one-quarter of the offspring exhibit a phenotype indistinguishable from that of clbn s846 and clbn ZM mutants (Fig. S1H ). Taken together, these data show that rnpc3 is the mutated gene in clbn and suggest that both alleles are functionally null. We used whole mount in situ hybridization to show widespread rnpc3 mRNA expression in WT embryos until 24 hpf ( Fig. S2 A and B) . Thereafter, the expression of rnpc3 becomes restricted to proliferating tissues, including the eye, lens, and digestive organs ( Fig. S2 C-F) . These tissues, which are abnormal in clbn, show reduced expression of rnpc3 in mutant larvae at 120 hpf (Fig. S2H ).
clbn Contains Incompletely Spliced Transcripts. The zebrafish rnpc3 gene encodes a 505-aa nuclear protein with two RNA-recognition motifs (RRM) (25) and the same domain structure as its human ortholog (Fig. 3A) . Whereas the excision of U2-type introns is initiated by the binding of individual U1 and U2 monosnRNPs, U12-type introns in human cells are recognized and bound by a preformed U11/U12 di-snRNP (26) . This di-snRNP comprises U11 and U12 snRNAs, RNPC3/65K and two other proteins unique to the U12-type spliceosome, the U11/U12 59-kDa and 48-kDa proteins. Together, these components form a "molecular bridge" between the 5′ ss and BPS of U12-type introns (27, 28) (Fig. 3B) . We used RT-PCR to assess the consequences of rnpc3 deficiency on the processing of mRNAs harboring U2-and U12-type introns in clbn and found that the U12-type introns in sms, mapk3, and mapk12 were retained in clbn larvae (Fig. 3C) , whereas the excision of the U2-type intron in mapk12 was unaffected. background and (E) epifluorescence microscopy on the Tg(fabp10:RFP,ela3l: EGFP) gz12 background reveal smaller digestive organs in clbn s846 compared with WT. The two images in A were taken at the same magnification, as were the two images in each of panels B, D, and E. The clbn phenotype is 100% penetrant and all larvae die between 7 and 10 dpf; however, the severity of the morphological abnormalities may vary between clutches. For example, the digestive organ phenotype is visibly conspicuous in some clutches at around 108 hpf and not in others until 120 hpf. a, anus; e, eye; es, esophagus; ib, intestinal bulb; Li, liver; p, pancreas; sb, swim bladder; y, yolk. (Scale bar in C, 100 μm.)
clbn Contains Aberrant Minor Spliceosomal snRNPs. To determine a biochemical basis for the observed specific defect in U12-type splicing, we sought to compare the size and conformation of zebrafish U11-and U12-containing snRNPs in WT and clbn larvae using glycerol gradient sedimentation followed by Northern blot analysis for U11 and U12 snRNAs. Extracts of WT larvae gave rise to U11 peaks in fractions 15 and 16 ( Fig. 3D, Upper) , whereas the U11 peak in clbn extracts was found two fractions closer to the top of the gradient, corresponding to a lighter U11 species (Fig. 3D , Lower, and Fig. S3 A and B) . In contrast, glycerol gradient analyses of U12 snRNA sedimentation in clbn showed a dramatic shift of the predominant U12 signal toward a heavier particle than in WT (Fig. 3E) . We further investigated these findings using native gel electrophoresis followed by Northern blotting for U11 and U12 snRNAs (Fig. 3F) . Again, loss of Rnpc3 was found to disrupt the predominant U11 snRNPs and cause the accumulation of a slower-migrating U12-containing particle. This unexpected finding suggests a function for Rnpc3 beyond its known role in the U11/U12 di-snRNP, potentially at later stages of the splicing cycle. U12-containing complexes that might be stalled at any point after spliceosome activation would be expected to contain U6atac or U5 snRNAs (2) . To test this theory we used native gel electrophoresis followed by Northern blotting for U12, U5, and U6atac snRNAs (Fig. 3G) . To reduce potential nonspecific interactions and facilitate characterization of the stable complex accumulating in clbn embryos, heparin was added to the extracts before separation. Once again, we observed a strong signal corresponding to a heavier U12 snRNP complex (G) Noninjected control larvae from the same clutch show a near-perfect Mendelian ratio of WT to clbn larvae, whereas 96% of larvae injected with WT rnpc3 RNA appear WT at 5 dpf (P < 0.0001, Fisher's exact test). There was no difference between uninjected and mutant rnpc3-injected groups (P = 0.9065). a, anus; e, eye; ib, intestinal bulb; sb, swim bladder; y, yolk. The brightfield images in D, E, and F were taken at the same magnification. extracts. Direction of sedimentation is left to right. Lane 1 contains total RNA. Full-length U11 or U12 signals were quantified using ImageQuant and expressed as a percentage of the fraction with the highest intensity. U12 snRNA showed persistent specific degradation (asterisks) without affecting its migration profile. (F) Northern analysis of WT and clbn s846 extracts resolved on 4% (80:1) native polyacrylamide gels and probed for U11 and U12 snRNAs. The predominant U11 snRNPs are disrupted in clbn compared with WT and the U12-containing particles are heavier and migrate more slowly (black arrowhead). (G) Northern analysis of WT and clbn s846 extracts resolved on native gels and probed for U5, U6atac, and U12 snRNAs shows retarded bands in clbn (red asterisks) compared with WT (blue asterisks). The same larval lysate was used in F and G. Data are representative of a total of 10 (D and E) and 5 (F and G) biological replicates.
in clbn larvae from both alleles (Fig. S3C) , which appeared to comigrate with signals for both U5 and U6atac.
Transcriptome Analysis Reveals a Specific U12-Type Splicing Defect in
clbn. To determine the global impact of the clbn mutation on gene expression and U2-and U12-type splicing, we applied RNAseq to 108-hpf WT and clbn s846 mutants (Table S1 ). RNAseq tags were aligned to the annotated zebrafish (Zv9) genome assembly (Fig. S4A) , which contains 606 manually curated U12-type introns (SI Methods and Dataset S1). To normalize for the more common occurrence of nonunique sequences-such as repetitive elements-in introns compared with exons, we generated a zebrafish uniqueome (29) and calculated all expression levels as reads per unique kilobase per million reads (RPuKM). Plotting expression levels of all introns that satisfy minimum expression requirements (RPuKM > 0.05) in both WT and clbn reveals a clear bias toward retention of U12-type introns in clbn (Fig. 4A) . We found that a significantly higher fraction of U12-type introns (397 of 606 = 65.5%) show some degree of intron retention [intron retention coefficients (IRC) > 0.05; defined in Fig. 4B ] in WT larvae, compared with 49.6% of U2-type introns. This finding is consistent with U12-type introns being processed more slowly than their U2-type counterparts (12, 13) . Remarkably, an additional 148 of 606 (24.6%) of U12-type introns are detectable only in clbn (total = 90.1%), highlighting the specificity of the splicing defect. The defect in U12-type splicing in clbn is statistically significant (Fig. 4C) ; however, IRCs vary markedly between transcripts ( Fig. 4D ) and do not appear to be influenced by expression levels (Fig. S4B ), U12 intron length (Fig. S4C) , and AT-AC vs. GT-AG subtype (Fig. S4D) .
Activation of Cryptic Splicing Occurs Rarely in clbn.
A Peutz-Jeghers syndrome family has been described in which a mutation in the 5′ ss of the U12-type intron in LKB1 (20) leads to activation of cryptic splice sites and LKB1 haploinsufficiency. Activation of cryptic splice sites also occurs in human cells upon knockdown of the U11/U12 48-kDa protein with RNAi (30) . To determine whether cryptic splice sites are activated in clbn, we sequenced the spliced transcripts obtained by RT-PCR for sms, mapk3, and mapk12 mRNAs (Fig. 2C) and found only the annotated exonexon junctions. We then used RT-PCR to amplify three more U12-type introns with low IRCs, namely fkbp3, snrpe, and ppp2r2c. We found very low levels of U12-type intron retention in snrpe and ppp2r2c in clbn and no evidence of cryptic splicing for all three genes (Fig. S4E) . Furthermore, we also found no evidence of activation of cryptic splice sites in clbn when we aligned RNAseq reads against a custom-built library of exon junctions within 100 bp of the annotated splice junctions of all manually curated zebrafish U12-type introns (Fig. S4F and Dataset S2). Collectively these data show that impaired U12-type splicing in clbn is rarely circumvented by activation of cryptic splicing.
Rnpc3 Deficiency Impacts Broadly on Gene Expression. We combined datasets from microarray analysis and RNAseq to identify highconfidence differentially expressed genes (DEGs) between WT and clbn s846 larvae (Datasets S3-S5). Fold-changes for 203 DEGs (113 down, 90 up) were significantly correlated for the two methods (Fig. S5A) . As expected, rnpc3 mRNA levels were reduced, consistent with predicted nonsense mediated decay of rnpc3 transcripts carrying the clbn s846 mutation. Of the down-regulated genes, many exhibit tissue-specific expression in tissues that develop abnormally in clbn, including the liver, pancreas, intestine, and lens (Dataset S3). Consistent with a prior study in Drosophila (31), a substantial overrepresentation of U12-type intron-containing genes was observed among the DEGs, with a higher proportion of U12-type intron-containing genes in the down-regulated DEGs (35%; 40 of 113) than in the up-regulated set (11%; 10 of 90). Even so, about 90% of U12-type intron-containing genes were not differentially expressed (Fig. S5B) and most of the DEGs do not contain U12-type introns; hence, Rnpc3 deficiency impacts broadly on gene expression and is not limited to U12-type introncontaining genes.
Expression of mRNA Quality Control and Cell Cycle Genes Is Altered in clbn. U12-type introns are enriched in "information processing" genes encoding functions in DNA replication, repair, transcription, mRNA processing, and translation (11) . In clbn, many such genes, particularly those encoding components of mRNA quality control pathways, such as exosome factors, are either differentially expressed (dcp2, edc4, exosc1, exosc5, exosc9) or exhibit varying degrees of intron retention (edc4, exosc1, exosc2, exosc5) (Fig. 5, Fig. S5C , and Table S2 ). Although the primary defect caused by the lack of Rnpc3 is in the processing of U12-type introns, the resulting widespread disruption to the expression of genes regulating RNA processing is likely to have a secondary impact on the expression of U2-type intron-containing genes, explaining why they feature so strongly in the list of DEGs. clbn mutants at 108 hpf also exhibit elevated expression of cellcycle repressor genes, including prohibitin, cyclin G1, e2f5, and Δ113p53 (Fig. S5 D-F) . Δ113p53 is a Tp53 target gene encoding an N-terminally truncated isoform of Tp53 thought to antagonize its proapoptotic activity (32) . Discussion U12-type splicing was a surprise discovery two decades ago, and its biological significance has remained something of an enigma. Here, we describe a unique vertebrate model system with a mutation in a core component that is specific to the U12-type spliceosome, and exploit it to gain new insights into the role of U12-type splicing in the regulation of gene expression during development and disease.
Rnpc3 Deficiency Leads to a Pleiotropic Phenotype in Developing
Zebrafish. The loss of Rnpc3, either because of an intronic point mutation or a retroviral insertion into the rnpc3 locus, leads to a severe and pleiotropic phenotype in developing zebrafish larvae, culminating in death of all larvae by 10 dpf. The most severely affected tissues are those that are highly proliferative between 48 and 96 hpf, including the digestive organs, eye, and lens. Our observation that Rnpc3 deficiency impacts broadly on gene expression, extending well beyond the small subset of genes containing U12-type introns, makes it difficult to pinpoint precisely the molecular basis for the clbn phenotype. As yet, we do not know whether the abnormalities arise directly from perturbations in the expression of a small number of U12-type introncontaining genes, such as the dysregulated cell-cycle repressor genes we identified, or are the result of complex secondary effects emanating from a larger network of genes whose expression is affected by impaired U12-type splicing.
Comparison of the clbn Phenotype with MOPD. The severe human developmental disorder known as TALS/MOPD1 (16, 17, 33, 34) is caused by impaired U12-type splicing. Here, the affected infants inherit two recessive point mutations in U4atac snRNA and suffer extreme intrauterine growth retardation, severe microcephaly, central nervous system abnormalities, dysmorphic facial features, skin and skeletal abnormalities, and early death (34) . Although an impact on the growth of proliferating tissues is a common link in the zebrafish and human conditions, most MOPD1 features are not conspicuous in clbn. One possible explanation for this lack of concordance is that many of the severe defects observed in MOPD1 patients, such as microcephaly, most likely arise early in development. In zebrafish, adverse events early in embryogenesis are frequently circumvented by the availability of maternally derived WT mRNAs. In the particular case of clbn, we have shown that rnpc3 mRNA is maternally deposited, and it is reasonable to expect that this will also be the case for at least a proportion of the genes dependent on efficient minor class splicing, as well as their downstream effectors. If this hypothesis is correct, maternal-zygotic mutants of our clbn alleles would be expected to exhibit a more extensive phenotype that more closely mimics MOPD1.
Rnpc3 Deficiency Disrupts U11/U12 di-snRNP Assembly and Splicing.
We examined the distribution of minor class snRNPs in rnpc3-deficient zebrafish larvae to provide a molecular understanding of the specific U12-type splicing defects observed. Although the dynamic nature of snRNP interactions throughout the splicing cycle is relatively well characterized in mammalian cells, very little is known about this process in zebrafish. Previous studies have shown that the sedimentation profiles of zebrafish snRNPs in glycerol gradients differ in some aspects to those obtained from human cells (35, 36) . Similarly, our glycerol gradient and native gel electrophoresis experiments reveal signals for U11 and U12 snRNPs that do not clearly correspond to a distribution into U11 and U12 mono-snRNPs and a U11/U12 di-snRNP, as described in human cells. Notwithstanding that, our data clearly demonstrate a specific role for Rnpc3 in maintaining the integrity and proper distribution of U11 and U12 snRNPs. This result contrasts with our analysis of another zebrafish splicing mutant (cph), where a mutation in the shared core splicing factor, prpf8, disrupts U2-type U4/U6/U5 tri-snRNP formation with negligible impact on U11/U12 snRNPs (35) . In this study, the strong accumulation in clbn of a heavy, potentially stalled, complex containing U12, U5, and U6atac snRNAs, which does not seem to be a stable intermediate in WT, suggests a hitherto unsuspected role for Rnpc3 in spliceosome disassembly or recycling. Further studies are required to confirm this.
Regulation of U12-Type Splicing. The results of our transcriptome analysis show that approximately two-thirds of U12-type introncontaining mRNAs exhibit some degree of U12-type intron retention even in developing WT zebrafish, much higher than the fraction of U2-type introns retained. At first sight, U12-type splicing appears to be a relatively inefficient process that may limit the full expression of U12-type intron-containing genes. However, recent findings suggest that regulation of U12-type splicing may be more complicated than previously thought. For example, p38MAPK-mediated up-regulation of the otherwise rate-limiting levels of U6atac in HeLa cells appears to constitute a sophisticated regulatory mechanism to facilitate the rapid mobilization of critical U12-type intron-containing transcripts in response to growth stimuli (14) . Because many of these transcripts encode genes with functions in mRNA production, such an amplification of U12-type splicing activity is likely to generate a robust transcriptome-wide response.
U12-Type Splicing and Disease. Recent breakthroughs that firmly link defects in U12-type splicing to human disease (16, 17, 19, 20) provide a strong impetus to explore its potential involvement in other pathological conditions. Interestingly, we have noted that U12-type introns are found in a number of cancer genes, including oncogenes, such as BRAF, C-RAF, and several members of the MAPK family. Extrapolating from our results in clbn, where the survival and integrity of rapidly proliferating cells is dependent on U12-type splicing, it is tantalizing to speculate that the efficiency of minor class splicing could influence the growth of tumors, particularly those that are dependent on the RAS-MAPK pathway (37, 38) . In this regard, it is intriguing that p38MAPK has recently emerged as a key regulator of U12-type splicing activity (16) , suggesting a potential regulatory mechanism to achieve efficient levels of U12-type splicing in tumors that are reliant on the MAPK pathway. Future investigations will determine whether efficient U12-type splicing is an important contributor to the posttranscriptional RNA processing mechanisms governing gene expression in cancer. Gene Expression Analysis by Quantitative RT-PCR. Total RNA from zebrafish larvae was prepared using TRIzol (Life Technologies). cDNA was prepared from 0.5 to 1 μg of DNase-treated total RNA with the SuperScript III First Strand Synthesis System (Life Technologies). Quantitative RT-PCR assays 
